Determination of the complete aminoacid sequence of rabbit skeletal muscle parvalbumin is described. The sequence of 86 of the 109 total residues was determined automatically by sequenator analyses of peptides obtained after cleavage with CNBr or with trypsin. The positions of the remaining 23 residues were determined by subtractive Edman degradation of tryptic and chymotryptic peptides. The protein has an acetylated amino terminus. Comparison of the rabbit parvalbumin with those from carp, hake, and pike and with the calcium-binding subunit of rabbit muscle troponin indicates that these proteins are homologous. Among the parvalbumins a high degree of identity is observed, especially of residues involved in the binding of calcium or in the formation of the hydrophobic core.
The parvalbumins are low molecular weight, acidic, watersoluble, calcium-binding proteins long believed to occur exclusively in the white muscle of lower vertebrates and for which no physiological function has been determined as yet (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) . Amino-acid sequences indicate that they are homologous (10, 12, 13) and that this homology extends to other muscle calcium-binding proteins, such as troponin C and one of the light chains of myosin (14) . The tertiary structure of carp parvalbumin III has been elucidated (15, 16) .
Recently, two independent reports have described the isolation of parvalbumins from the skeletal muscle of higher vertebrates, including turtle, chicken, rabbit, and man (17, 18) . The retention of these proteins throughout vertebrate evolution suggests that they might be of basic physiological importance. As a first step toward defining their structural and functional relationship to each other and to other muscle proteins, the amino-acid sequence of rabbit parvalbumin is described.
METHODS
Parvalbumin was isolated from rabbit skeletal muscle (17) by Dr. Pavel Lehky. The protein was fragmented and analyzed as shown diagrammatically in Fig. 1 . Cleavages with CNBr and with iL-tosylamido-2-phenylethyl chloromethyl ketonetrypsin were performed as described (10, 19) . The CNBr fragments were fractionated by gel filtration (Fig. 2) . Enzymatic digests were subjected to ion-exchange chromatography (Spinco AA-15, Bio-Rad AG1-X2, and AG50W-X2 resins), with gradients of pyridine-acetate buffers. Specific cleavage Abbreviations: CB, cyanogen bromide fragment; PhS-hydantoin, phenylthiohydantoin; Tp, tryptic peptide; C, chymotryptic peptide; TN-C, the calcium-binding protein of the myofibrillar troponin complex. * Present address: University of Freiburg, Department of Medicine, Freiburg im Breisgau, West Germany. adjacent to the arginyl residue was accomplished after succinylation of the e-amino groups (20) . The digest was fractionated on Sephadex G-50 "superfine".
Automatic sequence analysis was performed with the Beckman Sequencer (model 890B), and the silylated phenylthiohydantoin (PhS-hydantoin)-amino acids were identified by gas-liquid chromatography (21) . The sequence of the remaining residues was determined by subtractive Edman degradation (22) of tryptic and chymotryptic peptides.
The amino-terminal acetyl group was identified by the procedure of Schmer and Kreil (23) . Amino-acid analyses were performed on Beckman (model 120C) or Durrum (model D-500) amino-acid analyzers. Homoserine lactone was converted to homoserine before analysis (24) . Residues containing amide sidechains were identified by gas-liquid chromatography (21) , by high voltage electrophoresis at pH 6.5, or by amino-acid analysis after digestion with aminopeptidase M (25).
RESULTS
As observed for most other parvalbumins (10, 12, 13) , the amino terminus of the rabbit protein is blocked. The entire sequence was, therefore, derived by analysis of peptides produced by specific cleavages of the polypeptide chain. The amino-acid compositions of the protein and the four major CNBr (CB) fragments are given in Table 1 . Digestion of the intact protein with trypsin yielded 17 major peptides. Their amino-acid compositions and positions in the molecule are listed in Table 2 . For clarity in presentation of the proof of the structure, residues will be numbered according to the complete amino-acid sequence given in Fig. 3 .
Isolation and Sequenator Analyses of CNBr Fragments. The mixture of CNBr fragments was fractionated into five fractions, CB I to CB V (Fig. 2) . By sequence analysis all were homogeneous, except CB V, which yielded no sequence. Extended sequenator analyses were carried out on CB II through CB IV (Fig. 1) . The amino-terminal sequence of CB II begins with Val3rGly-Leu and was determined through Phe7o, except for residues 55, 60-62, and 68, which were identified independently (see below).
Sequenator analysis of CB III yielded 16 Fig. 3 . Crosshatching or I, automated degradation; ... or -, manual degradation; ---, unidentified residues. composition of Tp I corresponds to the sum of CB V and the amino-terminal 11 residues of CB III. CB IV contained no homoserine and was thus placed at the carboxyl terminus of the molecule. CB II, therefore, must be located between CB III and CB IV.
Since CB II contains the single arginyl residue, an argininespecific tryptic cleavage was performed on the intact protein.
Sequenator analysis of fragment R I so obtained (Fig. 1) provided the sequence beginning with Asp76-Leu-Ser and extending through MetweAla-Ala-Gly, thus establishing the overlap between CB II and CB IV.
Total Sequence. Sequence analysis of selected tryptic and chymotryptic peptides provided the sequence of the remaining residues of the parvalbumin molecule, as summarized in Fig. 1 . The amino-acid compositions of the chymotryptic peptides used are given in Digestion of parvalbumin with trypsin followed the expected enzymatic specificity except for the unusual cleavage in high yield of the PheirAla bond. If the position of this bond in the tertiary structure is the same as that of the analogous Cys18-Ala bond in carp parvalbumin, the bond is internal and hydrolysis could not occur without denaturation or prior release of the tryptic peptide, Tp X-3. Fig. 3 .
t From a digest of one preparation of parvalbumin, both TpX-5 and a similar peptide, containing phenylalanine instead of threonine at its amino terminus (position 84), were isolated at a molar ratio of 2:1. (10), hake (12) , and pike III (13) parvalbumins. The sequence of the rabbit parvalbumin is given in capital letters; of the other parvalbumins, only residues that differ from those of the rabbit are shown. Residues of the rabbit parvalbumin corresponding to those involved in calcium binding of carp III (15) are enclosed; residues corresponding to those forming the hydrophobic core of carp III (15) are underlined. The parvalbumins from carp and hake contain 108 residues, whereas those from pike and rabbit have an additional residue at the carboxyl terminus.
The sequence of rabbit parvalbumin is compared in Fig. 3 to those of carp, hake, and pike to demonstrate the homologous relationship among these proteins. All of the residues serving as calcium ligands in carp parvalbumin (15) Fig. 3. essential role in determining the tertiary structure of the molecule, are conserved, as are all of the residues whose sidechains are involved in the formation of hydrogen bonds in the region of this salt bridge (15) , except for the substitution of glutamic acid for aspartic acid at position 22. Finally, residues composing the hydrophobic core of carp parvalbumin (15) are either conserved in the rabbit protein or replaced by other hydrophobic residues.
Comparison of the amino-acid sequence of rabbit parvalbumin with that of rabbit TN-C (14) confirms (a) that the two proteins are structurally similar, supporting earlier suggestions (14, 27, 28) that they might have evolved from a common ancestor, and (b) that the parvalbumins are not formed simply by limited proteolysis of the TN-C molecule (27, 29) . Alignment of the sequences of rabbit parvalbumin and TN-C reveals a degree of identity similar to that found in the comparison of the parvalbumins of carp, hake, and pike with rabbit TN-C (14) . Again, maximum identities between the two proteins are observed in the regions implicated in the binding of calcium, especially the carboxyl-terminal segments.
The fact that parvalbumins are not restricted to aquatic lower vertebrates but have been conserved through close to 500 million years to evolution suggests that they must serve some essential physiological function, possibly related to the contractile process.
Analysis of the sequence of rabbit parvalbumin is being carried out independently in the laboratory of Dr. J.-F. Pechere, I)epartment of MIacromolecular Biochemistry, CNRS, Montpellier, France.
